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The anti-tumor effects of calorie restriction (CR) and the possible underlying mechanisms were investigated 
using ethylnitrosourea (ENU)-induced glioma in rats. ENU was given transplacental^ at gestational day 15, 
and male offspring were used in this experiment. The brain from 4-, 6-, and 8-month-old rats fed either ad 
libitum (AL) or calorie-restricted diets (40% restriction of total calories compared to AL rats) was studied. 
Tumor burden was assessed by comparing the number and size of gliomas present in sections of the brain. 
Immunohistochemical analysis was used to document lipid peroxidation [4-hydroxy-2-nonenal (HNE) and 
malondialdehyde (MDA)], protein oxidation (nitrotyrosine), glycation and AGE formation [methylglyoxal 
(MG) and carboxymethyllysine (CML)], cell proliferation activity [proliferating cell nuclear antigen (PCNA)], 
cell death [single-stranded DNA (ssDNA)], presence of thioredoxin 1 (Trxl), and presence of heme 
oxygenase- 1 (HO-1) associated with the development of gliomas. The results showed that the number of 
gliomas did not change with age in the AL groups; however, the average size of the gliomas was significantly 
larger in the 8-month-old group compared to that of the younger groups. Immunopositivity was observed 
mainly in tumor cells and reactive astrocytes in all histological types of ENU-induced glioma. 
Immunopositive areas for HNE, MDA, nitrotyrosine, MG, CML, HO-1, and Trxl increased with the 
growth of gliomas. The CR group showed both reduced number and size of gliomas, and tumors exhibited 
less accumulation of oxidative damage, decreased formation of glycated end products, and a decreased 
presence of HO-1 and Trxl compared to the AL group. Furthermore, gliomas of the CR group showed less 
PCNA positive and more ssDNA positive cells, which are correlated to the retarded growth of tumors. 
Interestingly, we also discovered that the anti-tumor effects of CR were associated with decreased hypoxia- 
inducible factor- la (HIF-la) levels in normal brain tissue. Our results are very exciting because they not only 
demonstrate the anti-tumor effects of CR in gliomas, but also indicate the possible underlying mechanisms, 
i.e. anti-tumor effects of CR observed in this investigation are associated with reduced accumulation of 
oxidative damage, decreased formation of glycated end products, decreased presence of HO-1 and Trxl, 
reduced cell proliferation and increased apoptosis, and decreased levels of HIF-la. 
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Since the original discovery by McKay et al. that 
calorie restriction (CR) attenuated aging and age- 
related diseases, CR has become well known for 
extending life span and for having robust anti-tumor 



effects (1-3). Subsequent research has continued to 
demonstrate that CR is correlated to a reduction in 
tumor incidence and growth. CR's anti-tumor effects 
have been confirmed using several experimental model 
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systems, including spontaneous lymphomas in p53-defi- 
cient mice (4), breast cancer in DBA mice (5), sponta- 
neous tumors in Fischer 344 (F344) rats (6), 
transplantations of cultured cells or tumors (7), and 
induced carcinogenesis (8-13). However, previous studies 
have been unable to fully uncover the exact underlying 
mechanisms of the anti-tumor effects of CR. 

Among the many putative underlying mechanisms of 
CR, substantial evidence suggests that reduced oxidative 
stress could be a critical part of the anti-tumor effects of 
CR. The assertion that CR reduces oxidative stress and 
thereby affects carcinogenesis is strongly supported: (1) 
CR decreases mitochondrial reactive oxygen species 
(ROS) production (14), enhances antioxidant defense 
systems (15), improves the repair of oxidatively damaged 
molecules (16), and promotes the replacement of da- 
maged proteins with newly synthesized ones (17) and (2) 
oxidative stress is postulated to play an important role in 
the complex course of multistage carcinogenesis (18-22). 
It is widely known that many initiators and promoters of 
carcinogenesis produce ROS that cause oxidative damage 
to a variety of molecules, including DNA (23). Genetic 
alterations from DNA damage can lead to abnormal 
cellular differentiation, followed by neoplastic develop- 
ment (18, 23). In addition, experimental studies have 
shown that antioxidants have anti-tumor effects, e.g. the 
inhibitory effect of superoxide dismutase (SOD) and 
catalase on cellular transformation, and the inhibitory 
effect of SOD on the tumor-promoting effects of TPA 
(1 2- O-tetradecanoyl-phorbol- 13 -acetate) (19). This com- 
bined evidence supports the hypothesis that CR's ability 
to reduce oxidative stress may play an important role in 
its anti-tumor effect. However, previous studies have not 
provided a complete evaluation of the relationship 
between CR, oxidative stress, and tumor suppression 
during multistage carcinogenesis using a well-established 
in vivo system. 

Gliomas are the most common brain tumor in humans, 
and they are difficult to cure because of their infiltrative 
nature, which makes complete surgical removal challen- 
ging, and their resistance to chemotherapy and other 
treatments. Since glioma patients are typically given an 
extremely poor prognosis, it is critical to discover an 
intervention that reduces the incidence and growth of 
gliomas. Despite this urgency, the effects of CR on glioma 
development have not been comprehensively tested in 
vivo. Ethylnitrosourea (ENU)-induced glioma in rats has 
been extensively utilized as an experimental brain tumor 
model (24-28). Some advantages of this model are its 
extremely high rate (100%) of tumor induction and the 
certainty of the occurrence of multiple tumors per brain. 
Additionally, the continuous profile and time course of 
tumor progression in this experimental model have been 
well documented. Thus, this model is an ideal in vivo 
model to critically evaluate whether CR attenuates tumor 



incidence and/or growth. In addition, previous studies 
have suggested a possible role for oxidative stress in 
nitrosoamine-induced carcinogenesis (29, 30). Therefore, 
the ENU-induced glioma model allows us to test whether 
changes in tumor incidence and/or growth by CR are 
associated with corresponding changes in oxidative stress, 
or its physiological consequences, such as changes in 
redox-sensitive signaling. The purpose of this study is to 
use the established profile of ENU-induced tumors to 
identify the point(s) that CR intervenes in tumor devel- 
opment and to explore the underlying mechanisms of 
CR's anti-tumor effects. 

Methods 

Animals and ENU administration 

Female and male Wistar rats were obtained from Harlan 
(Indianapolis, IN) at 16 weeks of age. All rats were fed 
control rat chow and allowed to acclimate to their new 
surroundings for 2 weeks. Female Wistar rats weighing 
200-250 g were caged overnight with males, and the day 
when sperm was confirmed in vaginal smears was 
designated as day 1 of gestation. On day 15 of gestation, 
pregnant rats were injected intravenously with a single 
dose of iV-ethyl-TV-nitrosourea (ENU: 50 mg/kg body 
weight) dissolved in distilled water. Male offspring from 
the ENU-treated rats were used in these experiments. 

Rat maintenance and dietary procedures 

After weaning, all male offspring were housed individu- 
ally under specific pathogen-free conditions, were fed ad 
libitum (AL), and had free access to water until 6 weeks of 
age. The composition of the diet, which provides 
equivalent nutrition but reduces total energy intake, was 
previously described in detail (31). At 6 weeks of age, 60 
rats were randomly assigned to either the AL or calorie- 
restricted group. The calorie-restricted group was fed 
approximately 60% of the caloric intake fed to the AL 
group. Food consumption was measured twice a week as 
described by Yu et al. (32). All rats were weighed twice a 
month for the duration of the study. A 12:12 hour light- 
dark cycle was used. To examine the development of 
tumors, eight rats were randomly selected and sacrificed 
at 4, 6, and 8 months of age. 

Tissue preparation 

At sacrifice, the brains were removed by dissection, sliced 
into 3-mm-thick sections, and immersed in 4% parafor- 
maldehyde/0.1 M phosphate buffer (PB) at 4 °C overnight 
and embedded in paraffin. Five-micron-thick sections 
were placed on glass slides coated with poly-l-lysine 
(Sigma, Deisenhofen, FRG) and subsequently stained 
with hematoxylin-eosin (H&E) or used for immunohis- 
tochemical examination. 
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Classification of tumors 

All tumors were classified based on the criteria by 
Koestner et al. (27) and Schiffer et al. (28). According 
to their size and neoplastic nature, tumors were classified 
arbitrarily as follows: (1) hyperplasia: a few or several 
abnormal cells forming a cluster with no destructive 
nature; (2) early neoplastic proliferation (ENP): a cluster 
of abnormal cells larger than that for hyperplasia, but less 
than 500 urn in diameter and with higher cell density; 
mild destructive nature apparent; (3) microtumor: an 
apparent destructive nature present, but still measuring 
less than 1 mm in diameter; (4) medium-sized tumor: 
from 1 mm to 2 mm in diameter; (5) gross tumor: larger 
than 2 mm in diameter and are classified into two 
histological types: (1) oligodendroglioma: isomorphic 
proliferation of small round cells similar to human 
oligodendroglioma; (2) anaplastic glioma: showing cellu- 
lar atypism and pleomorphism, and structural change 
such as necrosis, hemorrhage, and endothelial prolifera- 
tion. 

Tumor development/image analysis 

Tumor development was assessed by measuring both the 
number and size of brain tumors. The number of tumors 
in each brain section was counted under a light micro- 
scope. The size of each tumor was measured using an 
image analysis system consisting of a SPOT cooled color 
digital camera (Diagnostic Instruments Inc., Sterling 
Heights, MI), an Olympus AX 70 True Research System 
Microscope (Olympus America Inc., Lake Success, NY), 
a Dell Dimension XPS Ml 66s (Dell Computer Corp., 
Round Rock, TX), a FlashiPoint videographics card 
(Integral Technologies Inc., Indianapolis, IN), and Im- 
age-Pro Plus software (Media Cybernetics, Silver Spring, 
MD). These analyses were performed by a double-blind 
procedure without knowledge of the animal's age or diet 
group. 

Immunohistochemistry 

Tissue distribution and the cellular location of oxidative 
damage, glycated end products, heme oxygenase- 1 (HO- 
1), thioredoxin 1 (Trxl), proliferating cell nuclear antigen 
(PCNA), and single-stranded DNA (ssDNA) were as- 
sessed by immunohistochemistry using an image analysis 
workstation after staining with antibodies. The brain 
sections were pretreated with 0.3% H 2 0 2 -methanol for 1 
h at room temperature and with normal goat serum for 1 
h at room temperature. Each specimen was incubated 
with a primary antibody overnight at 4 °C. The primary 
antibodies used in this study and their dilutions were as 
follows: 4-hydroxy-2-nonenal (HNE)-modified keyhole 
limpet hemocyanin (KLH) monoclonal antibody (mAbs 
HNEJ-1-5) (33) [1:400, NOF Co. Ltd., Tokyo, Japan], 
malondialdehyde (MDA)-modified KLH monoclonal 



antibody (mAblF83) (34) [1:200, Dr. Uchida], nitrotyr- 
osine monoclonal antibody (mAb39B6) [1:400, Dr. 
Shigenaga], methylglyoxal (MG)-modified KLH mono- 
clonal antibody (35) [1:100, Dr. Uchida], carboxymethyl- 
lysine (CML) antibody (36) [1:800, Dr. Baynes], PCNA 
monoclonal antibody [1:200, Novocastra Laboratories], 
ssDNA polyclonal antibody [1:100, DAKO], HO-1 anti- 
body (H4535) [1:600, Sigma-Aldrich Inc.], and Trxl 
antibody (T0803) [1:800, Sigma-Aldrich Inc.]. Immuno- 
histochemistry was performed using the VECTASTAIN 
ABC System (Vector Laboratories Inc., Burlingame, CA) 
with the avidin-biotin peroxidase complex (ABC) method 
(37). Negative controls included replacement of the 
primary antibodies with normal rabbit serum [1:100- 
800, DAKO]. The immunoreactivity to rat positive 
control specimen of the primary antibodies was deter- 
mined before use. 

Western Blot analysis 

Hypoxia-inducible factor- la (HIF-la) levels were mea- 
sured by Western Blot analysis using a HIF-la antibody 
(Cell Signaling Technology Inc., Danvers, MA) and an 
ECL Western Blot detection kit (Amersham Biosciences 
Corp., Piscataway, NJ). 

Results 

Effects of CR on body and brain weights 

Body weight of both AL and CR rats increased 
progressively with age; however, body weight of CR rats 
was significantly lower (approximately 40% less) than 
that of AL rats (data not shown). Brain weight slightly 
increased with age in both groups. Brain weight was 
similar between the AL and CR groups at 4 and 6 
months; however, brain weight was significantly greater 
in the AL group than in the CR group at 8 months (p < 
0.05; data not shown). 

Histology of brain tumors 

All histological tumor types except hyperplasia were 
observed in all three age groups of both AL and CR 
rats. Gross tumors (oligodendroglioma and anaplastic 
glioma) were more frequent in the 6-month-old (AL: 
62.5%; DR: 61.5%) and 8-month-old (AL: 55.5%; DR: 
81.8%) groups than in the 4-month-old groups (AL: 
21.3%; DR: 0%). Histology of oligodendroglioma (H&E) 
is shown in Figure la. Oligodendroglioma induced by 
ENU showed isomorphic proliferation of small round 
cells similar to human oligodendroglioma. 

Effects of CR on glioma development 

Tumor development was assessed by measuring the 
number of tumors per brain and size of each tumor. In 
the AL group, the average number of gliomas per brain 
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Fig. 1. Histology (Fig. la: left), average number (Fig. lb: middle), and average size (Fig. lc: right) of ENU-induced gliomas, a. 
Oligodendroglioma induced by ENU showed isomorphic proliferation of small round cells similar to human oligodendroglioma (H&E, 
200 x ). b. The average number of gliomas per brain from CR rats was significantly less than AL rats at 4 and 6 months (*p <0.05). c. 
The average size of glioma in AL rats was not significantly different between 4 and 6 months; however, average size of glioma in AL rats 
was significantly larger (*p <0.05) at 8 months than at younger ages (4 and 6 months). The size of glioma was not significantly different 
between AL and CR groups at 4 or 6 months. At 8 months, CR rats showed significantly smaller gliomas than AL rats (**p =0.0010). 



was similar in all age groups, although the number of 
gliomas declined slightly in the 8-month-old group (p > 
0.05; Fig. lb). The CR group had significantly fewer 
tumors compared to the AL group at 4 and 6 months 
(*p <0.05; Fig. lb). The average size of gliomas in each 
age group is shown in Figure lc. The average size of 
gliomas in the AL group was not significantly different 
between the 4- and 6-month-old groups; however, the 
average size of gliomas was significantly larger at 8 
months compared to the younger age (4 and 6 months) 
groups (*p <0.05; Fig. lc). The average size of gliomas in 
the CR group was significantly smaller compared to the 
AL group at 8 months of age (**p =0.0010; Fig. lc). 

Immunohistochemistry 

All antibodies used showed an increase in immunoreac- 
tivity that corresponded with increasing glioma develop- 
ment. HNE, MDA, MG, CML, HO-1, and Trxl 
antibodies showed similar staining patterns and localiza- 
tion. PCNA and ssDNA antibodies showed staining in 
the nucleus of tumor cells. Gross tumor cells (oligoden- 
droglioma and anaplastic glioma) showed more intense 
immunostaining compared to the others, and of these, 
anaplastic gliomas showed the most intense staining 
among all histological types. Using an image analysis 
workstation, the stained slides were quantitatively ana- 
lyzed for differences in the extent of positive staining in 
each tumor. 

Cell proliferation and cell death 

Immunostaining of PCNA and ssDNA was observed in 
tumor cells. Figure 2 shows the comparison of the 
number of PCNA and ssDNA immunopositive cells in 
the AL and CR groups at 8 months of age. Immunos- 
taining of PCNA (Fig. 2a) and ssDNA (Fig. 2c) in 
gliomas is shown. Gliomas from CR rats showed 
significantly less immunopositive PCNA cells (*p = 



0.0157; Fig. 2b) and significantly more ssDNA immuno- 
positive cells (*p =0.0224; Fig. 2d) compared to AL rats. 

Lipid peroxidation and protein oxidation 
Immunostaining was observed in tumor cells and 
reactive astrocytes, and the gross tumors (oligodendro- 
glioma and anaplastic glioma) showed more intense 
HNE, MDA, and nitrotyrosine staining. HNE, MDA, 
and nitrotyrosine showed similar staining patterns. HNE 
immunostaining of ENU-induced glioma is shown in 
Figure 3a. Figure 3b shows the comparison of the 
immunopositive areas for HNE between the AL and 
CR groups at 8 months of age. Figure 3c shows the 
comparison of immunopositive areas for nitrotyrosine 
between the AL and CR groups at 8 months of age. 
Gliomas from CR rats showed significantly less HNE, 
MDA, and nitrotyrosine immunopositive areas com- 
pared to those from AL rats (HNE: *p =0.0147; Fig. 3b; 
MDA: *p =0.0248; data not shown; and nitrotyrosine: 
*p =0.0318; Fig. 3c). 

HO-1 and Trx1 

Immunostaining of HO-1 and Trxl was observed in 
tumors and reactive astrocytes. HO-1 and Trxl showed 
similar staining patterns. Immunostaining of HO-1 is 
shown in Figure 4a. Both HO-1 (Fig. 4b) and Trxl (Fig. 
4c) immunopositivity were significantly lower in CR rats 
than in AL rats at 8 months of age (*p < 0.05). 

Glycated end products 

Immunostaining of MG and CML was observed in 
tumors and reactive astrocytes. MG and CML exhibited 
similar staining patterns. Figure 4d shows the compar- 
ison of immunopositive areas for MG between the AL 
and CR groups at 8 months of age. Immunopositivity of 
MG in CR rats was significantly lower than in AL rats at 
8 months of age (*p < 0.05; Fig. 4d). 
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Fig. 2. Number of PCNA and ssDNA positive cells in ENU-induced gliomas, a. PCNA staining was present in tumor cells of ENU- 
induced gliomas (PCNA, 100 x). b. Gliomas from CR rats showed a significantly lower PCNA positive cell number (*p =0.0157) 
compared to the AL group at 8 months of age. c. ssDNA staining was present in tumor cells of ENU-induced gliomas (ssDNA, 100 x ). 
d. Gliomas from CR rats showed a significantly higher ssDNA positive cell number (*p =0.0224) compared to the AL group at 8 
months of age. 



HIF-U levels 

The levels of HIF-la in ENU- treated normal brain tissue 
were significantly lower in CR rats than in AL rats (*p = 
0.0244; Fig. 5). 

Discussion 

Since the initial discoveries in the 1940s (38, 39), CR has 
been well recognized for its ability to reduce the incidence 
and attenuate the growth of several types of tumors. In 
fact, CR is the most widely studied and most potent, 
broadly acting dietary intervention for preventing carci- 
nogenesis in a variety of experimental models (8-13, 40). 
Much evidence supports the link between CR, reduced 



levels of oxidative stress, and inhibition of carcinogenesis, 
suggesting that reduced oxidative stress could be a major 
contributor to CR's anti-tumor effects (19, 41, 42). 
However, the effects of CR on brain tumors and on their 
underlying regulatory mechanisms remain unclear. 

Because of the lack of in vivo studies investigating the 
role of oxidative stress and CR in brain tumors, to our 
knowledge this study is the first to demonstrate the 
overall effects of CR on oxidative stress and brain tumors 
in their natural state. Of particular importance is that our 
study makes use of the ENU-induced glioma model, a 
well-established in vivo model that has many advantages: 
(1) an extremely high rate (100%) of multiple tumor 
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Fig. 3. The effects of CR on accumulation of HNE (Fig. 3a: left and Fig. 3b: middle), and nitrotyrosine (Fig. 3c: right) in ENU-induced 
gliomas, a. HNE staining was present in tumor cells and reactive astrocytes in ENU-induced glioma (HNE, 100 x ). b. Gliomas from 
CR rats showed reduced HNE-positive (*p =0.0147). c. Nitrotyrosine-positive staining compared to AL rats at 8 months (*p =0.0318). 
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Fig. 4. Presence of heme oxygenase-1 (HO-1) (Fig. 4a: upper left and Fig. 4b: upper right), thioredoxin (Trxl) (Fig. 4c: lower left), and 
methylglyoxal (MG) (Fig. 4d: lower right) in ENU-induced glioma, a. HO-1 staining was present in tumor cells and reactive astrocytes 
in ENU-induced glioma (HO-1, 100 x). b. The gliomas from CR rats showed significantly lower HO-1 (*p <0.05). c. Trxl (*p <0.05). 
d. MG (*p <0.05) accumulation compared to the gliomas of AL rats at 8 months of age. 



induction per brain; (2) continuous profile and time 
course of tumor progression have been well documented; 
(3) immature glia are initiated simultaneously in utero, 
allowing for evaluation of CR's effect on tumor promo- 
tion/progression by comparing tumor number/size; (4) 
previous studies suggest a possible role for oxidative 
stress in nitrosoamine-induced carcinogenesis; and (5) the 
brain consumes approximately 10% of the total oxygen 
required by the body, yet the effect of this high oxygen 
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Fig. 5. Levels of hypoxia-inducible factor- 1 cc (HIF-la) in ENU- 
treated normal brain. The levels of HIF-la were significantly 
lower in CR than in AL rats (*p =0.0244) at 8 months of age. 
The data are the mean + SEM from five rats. 



consumption on oxidative stress and brain tumor forma- 
tion has not been extensively examined. Using this well- 
suited in vivo brain tumor model (24-28, 43^-8), our 
experiments demonstrated that CR reduces the incidence 
and growth of gliomas and that CR's anti-tumor effects 
are associated with reduced levels of oxidative stress, 
reduced cell proliferation, increased apoptosis, decreased 
formation of glycated end products, decreased presence 
of HO-1 and Trxl, and decreased levels of HIF-la in 
brain tissues. 

The development of tumors, especially chemically 
induced tumors, is considered a multistage process that 
can be divided into three distinct stages, i.e. initiation, 
promotion, and progression (49). In the ENU-induced 
glioma model, initiation of tumors is controlled by the 
injection of ENU at day 1 5 of gestation, but monitoring 
the incidence and growth of tumors over time can provide 
insight into the effects of CR on promotion and progres- 
sion. Thus, the observed reduction in the number and size 
of tumors in CR rats compared to AL rats at 8 months of 
age suggests that CR may intervene in both the promo- 
tion and progression of carcinogenesis in ENU-induced 
brain tumors, as it appears to attenuate the growth of 
existing tumors as well as prolong or prevent tumor 
onset. 

A large number of studies indicate that chronic disease 
states, including cancer, are associated with increased 
oxidative stress (50-53). Oxidative stress causes damage 
to critical cellular biomacromolecules including lipids. 
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proteins, and DNA, which in many cases is shown to be 
mutagenic. Thus, documenting the accumulation of 
oxidized biomacromolecules provides an index of cellular 
oxidative damage that may contribute to malignant 
cellular transformation (18). Because CR is shown to 
suppress oxidative stress and thereby reduce oxidative 
damage to various biomacromolecules (54), CR's anti- 
tumor effects may be a result of decreased accumulation 
of oxidative damage to tissues. 

Lipids are particularly vulnerable to free radical attack 
because of their relatively high level of unsaturation 
compared with other biological molecules. In addition, 
lipid peroxidation products have a relatively long half-life 
and can diffuse through membranes, making them 
capable of damaging other biomacromolecules and 
affecting cellular homeostasis (55). MDA and HNE are 
major lipid peroxidation products, and HNE is highly 
toxic and readily reacts with critical biomolecules (56). 
The presence of MDA and HNE observed in ENU- 
induced brain tumors indicates that oxidative damage 
involved the lipid component of tumor tissue, and that 
the extent of lipid damage appeared to decrease with 
attenuated tumor growth in CR rats. 

Protein oxidation could also play important roles in the 
pathophysiology of carcinogenesis. Oxidation of proteins 
can cause structural modifications resulting in changes in 
enzyme activity and signaling pathways. In this study, we 
assessed oxidative damage to proteins by measuring the 
presence and accumulation of nitrotyrosine in tumors 
because it is a major product formed when protein is 
exposed to reactive nitrogen oxides (57). In addition, 
tyrosine nitration can alter protein and enzyme function 
(58, 59), thereby potentially affecting cellular home- 
ostasis. The staining pattern of nitrotyrosine was similar 
to that of the lipid peroxidation products; i.e. there was a 
significant decrease in nitrotyrosine in the tumors of CR 
rats that appeared to be associated with a reduction in 
tumor size and number. Oxidative damage of proteins 
and lipids appears to be concurrent, suggesting that CR's 
anti-tumor effects may be associated with decreased 
oxidative damage to both lipids and proteins. Thus, 
reduced oxidative stress may be a potential underlying 
mechanism of CR's anti-tumor effects; however, the 
downstream consequences of reduced oxidative stress, 
e.g. redox sensitive signaling pathways, remain to be 
examined. 

We also used immunohistochemistry to determine the 
distribution of HO-1, one of two isoforms of heme 
oxygenase, an enzyme that is well known to be responsive 
to cellular stress levels. HO-1 produces biliverdin, which 
is subsequently converted to bilirubin by the action of 
biliverdin reductase, and both biliverdin and bilirubin are 
potent antioxidants that may contribute to protection 
against oxidative stress (60-62). Substantial evidence 
indicates that many cancers overexpress HO-1 (63) and 



that it may be beneficial for tumor growth because it 
promotes angiogenesis (64) and limits apoptosis (62). 
Another protein that protects cells through its antiox- 
idant properties is thioredoxin (Trx). Trx is overexpressed 
in many types of cancer and has been linked to cancer cell 
proliferation rates and cancer progression (65). Like HO- 
1, Trx provides antioxidant protection to cells, but it does 
so by acting as a hydrogen donor for enzymes involved in 
reductive reactions and providing protection against 
oxidative stress (66). Trx also functions as a physiological 
inhibitor of apoptosis signal-regulating kinase 1 (ASK1) 
(67, 68). Tumors of CR rats showed a significant decrease 
in the number of PCNA positive cells and an increase in 
ssDNA compared to tumors of AL rats at 8 months of 
age. Tumors of CR rats also showed a significant 
decrease in HO-1 and Trx levels compared to tumor 
tissues from the brains of AL rats. Thus, reduced levels of 
HO-1 and Trx in the tumors of CR rats may have 
contributed to the reduction in cell proliferation and the 
increase in apoptosis, which could attenuate tumor 
growth. 

We also examined the effects of CR on glycation and 
the formation of advanced glycation end products 
(AGEs) in tumors. AGEs have been implicated in a 
number of diseases (69), and the majority of work has 
shown AGEs to be related to oxidative stress (70, 71). We 
measured MG (35), an intermediate formed during AGE 
production, and CML (36), an advanced glycation end 
product, as indices of protein glycation and AGE 
formation in ENU-induced brain tumors. We found 
that MG and CML levels were significantly lower in 
the tumors of CR rats compared to AL rats, suggesting 
that brain tumors of CR rats were subject to decreased 
AGE formation and a decrease in the associated produc- 
tion of reactive oxygen intermediates, which could be 
important in limiting tumor development. 

Hypoxia-inducible factor- 1 is a heterodimeric protein 
that consists of two proteins, one being HIF-la. HIF-la 
has been significantly associated with cancer (72, 73), and 
it activates the transcription of various genes that are 
involved in carcinogenesis, including those regulating 
angiogenesis, cell proliferation, and metastasis (72-74). 
Because it is redox-sensitive, we believed that HIF-la 
might be related to oxidative stress in tumorigenesis. 
ENU-treated brain tissues of CR rats showed a signifi- 
cant decrease in the levels of HIF-la that was similar to 
the decrease in oxidative stress exhibited in tumors of CR 
rats. This suggests that CR decreases HIF-la levels, but 
the effects of CR and oxidative stress on the regulation of 
HIF-la have yet to be defined. It is also important to 
note that because HIF-la regulates angiogenesis, prolif- 
eration, and metastasis, which are essential for tumor 
growth, decreasing HIF-la activity could be a direct way 
of limiting tumor growth. Thus, continuing to investigate 
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the effects of CR on HIF-la levels in brain tumors is of 
clear importance. 

Using the ENU-induced glioma model, this series of 
experiments demonstrated that the anti-tumor effects of 
CR were associated with decreased oxidative stress, 
decreased glycation and AGE formation, decreased 
presence of HO-1 and Trxl, decreased cell proliferation, 
increased apoptosis, and decreased levels of HIF-la 
activity. Because CR has been shown to reduce levels of 
growth factors, such as IGF-I, reduced levels of growth 
factors and/or energy intake could also play important 
roles in CR's anti-tumor effects (75). However, we believe 
reduced oxidative stress could play more important roles 
in the anti-tumor effects of CR because rats on CR diets 
typically exhibit food intake per gram of body weight as 
well as a metabolic rate per lean body mass similar to AL 
rats (76, 77). Based on our results, the ENU-induced 
glioma model would appear to be an excellent experi- 
mental model to continue to investigate the effects of CR 
and the role of oxidative stress and its underlying 
mechanisms in the development and pathophysiology of 
gliomas. Further exploration of CR's effects on cellular 
processes, such as changes in the intracellular signal 
transduction system and in proto-oncogenes, could 
provide more insight into the pathophysiology and 
development of a therapeutic treatment to attenuate the 
growth and development of gliomas. 
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